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ABSTRACT 

Impulsively-started flow about sharp-edged rectangular 
cylinders has been investigated experimentally. The forces 
acting on the bodies have been determined, as a function of 
the relative displacement of the fluid at a subcritical 
Reynolds number, for various angles of attack. 

The results have shown that the shedding of the first two 
or three vortices and the manner in which they are generated 
have profound effects on all the characteristics of resistance. 
The results have also shown that the drag force in the tran- 
sient state is always larger than that in the asymptotic 
steady state, pointing out the importance of the understanding 
of impulsively-started flow about bluff bodies. The data pre- 
sented here are expected to form the basis of future numerical 
analyses of similar time-dependent flows. At present, accurate 
analytical and numerical data, for comparison with those pre- 
sented herein, do not exist, save for the later stages of 
motion where the behavior of flow becomes nearly identical to 
that of steady flow. 
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I. INTRODUCTION 



An extensive literature search and the perusal of the most 
relevant contributions have shown that the existing analytical 
or numerical methods are not yet in a position to describe 
the behavior of the large scale fluid motion in the wake of 
bluff bodies subjected to impulsively started flow. Solutions 
based on the Navier-Stokes equations are limited to extremely 
small Reynolds numbers and to relatively small fluid displace- 
ments. Solutions based on the discrete vortex method, or on 
its variations, suffer from the problems associated with the 
introduction of the nascent vortices, vortex excursions, shear- 
layer instabilities, inaccurate representation of viscous and 
turbulent dissipation of vorticity, and numerous instabilities. 
The assumption of an inviscid fluid imposes an unrealistically 
large number of conditions on the simulation of the behavior 
of a viscous flow. It does not, therefore, appear that the 
numerical methods applied either directly or indirectly 
(through the use of one or more conformal transformations) 
are in a position to predict the force and vortex- shedding 
characteristics of bluff bodies in time -dependent flows even 
for the most manageable impulsively-started flow. Experiments 
must be carried out to delineate the most important features 
of such flows partly for practical and partly, and perhaps more 
importantly, for the purpose of providing a physical insight 
toward the development of analytical methods. 
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Experimental investigations of the behavior of drag and 
lift forces and vortex shedding frequency and their dependence 
on specific parameters for bluff bodies have been confined to 
steady flows. Very little experimental data for impulsively- 
started flow at sufficiently high Reynolds numbers (greater 
than 10,000) exists. 

The purpose of this study was to determine experimentally 
the evolution of the drag and lift forces and the vortex shed- 
ding frequency and their dependence on several key parameters 
for five rectangular cylinders in impulsively-started flow at 
a Reynolds number of about 20,000. 
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II. PREVIOUS INVESTIGATIONS 



Architectural design and construction of buildings and 
structures in the past few decades have shifted to the use 
of more economical and light weight materials. The new 
materials do not have the structural -damping characteristics 
of the heavier construction materials used in older structures. 
This has required wind engineering design to prevent damage 
to cladding, millions, windows and other architectural features. 
According to Lee [Ref. 1], "while the fluctuating forces and 
the associated vortex shedding from a circular cylinder have 
been the subject of considerable research, comparatively little 
attention has been paid to other bluff body shapes. Little 
information is available on. . . vortex shedding from sharp edged 
bluff structures, although this is a problem of considerable 
practical significance." 

Several recent investigations have studied drag force, lift 
force, pressure distribution and vortex shedding frequency for 
steady flows about rectangular cylinders. The drag and lift 
forces shown in Figure 1 are a function of several parameters 
given by the expression 

Force ( - Drag Qr Lift ) = f (w , d , U, dU/dt , p , v , e , X , L ,a ,B , t) (1) 
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where w represents the width normal to the flow; d, the depth 
of the cylinder; U, the velocity of the ambient flow; dU/dt, 
the flow acceleration; p, the density of the fluid; v, the 
kinematic viscosity of the fluid; £ , the turbulence intensity 
of the flow; X, the turbulence scale of the flow; L, the 
length of the cylinder; a, the angle of incidence (angle of 
attack) of the flow; B, the width of the test section and t, 
time. Dimensional analysis yields the drag coefficient (Cd) 
and the lift coefficient (Cl) as 

Cd = - a ?- — ■ ° — C - e = f (Ut/w , d/w, Uw/v ,a ,£, X/w , L/w ,w/B ,wdU/dt/U 2 ) (2) 

1/ 2pwU 2 L 

Cl = x0rc - = f (Ut/w , d/w ,Uw/v , a , £ , X/w , L/w ,w/B ,wdU/dt/U 2 ) (3) 

1/ 2 pdU 2 L 

where Ut/w represents the relative displacement; d/w, the con- 
figuration of the rectangular cylinder; Uw/v, the Reynolds 
number (Re); a, the angle of incidence; £, the turbulence in- 
tensity; X/w, the turbulence scale; L/w, the aspect ratio; 
w/B, the blockage ratio, and w/dU/dt/U 2 , the acceleration 
parameter . 

The pressure distribution on the rear (base) face of a rec- 
tangular cylinder is related to the drag force. Base pressure 
varies inversely with the drag, hence a large negative base 
pressure corresponds to an increased drag force. The dimension- 
less coefficient of base pressure (Cpb) is defined as 
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Cpb = 



Pb ' Po 



(4) 



1/2 U 2 

where p^ represents the base pressure p , the ambient pressure. 

Dimensional analysis of the vortex shedding frequency, 

(f v ) , yields the Strouhal number (St) as 

f w 

St = — — = f (d/w ,Uw/v ,a , e , A/w,L/w,w/B) (5) 

The time dependence is omitted in Equation (5) because the 
Strouhal number is only defined for the later stages of fluid 
motion . 

The recent experimental and numerical studies of steady 
flow about rectangular cylinders did not need to consider the 
relative displacement or acceleration parameters. The majority 
of the investigations were conducted at moderate Reynolds numbers 
(Re = 100,000) and have revealed the dependence of the flow 
characteristics and the force coefficients on the remaining 
parameters discussed above. 

As uniform notation was not used in the previous works, 
all results have been transformed or recalculated as necessary 
to conform to the notation presented herein. 

Nakaguchi, Hashimoto and Muto [Ref. 2] in 1968 found con- 
siderable variation in Cd with d/w and especially noted that 
a critical value of d/w = 2/3 yielded a maximum drag coeffi- 
cient nearly equal to 3. Additionally, they noted that the 
maximum Cd decreased as d/w was increased, as shown in Figure 2. 
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The maximum Cd noted was significantly greater than the ex- 
pected value of 2 which was previously known to be valid for 
square prisms. In 1972, Bearman and Trueman [Ref. 3] and 
Bostock and Mair [Ref. 4] confirmed the earlier findings. 
Furthermore, it was noted in the above mentioned investiga- 
tions that the Strouhal number was nearly constant at 0.13 
for d/w = 0 to 1 and then slowly decreased' until multiple 
Strouhal numbers as high as 0.16 were measured at d/w = 2.8 
as shown in Figure 3. Flow visualization employed by Nakaguchi 
et al. [Ref. 2] showed that for d/w = 2.8, the wake width de- 
creased due to reattachment which caused the vortex longitu- 
dinal spacing to decrease and hence the Strouhal number to 
rise. The variation of the drag coefficient with d/w was ex- 
plained by the proximity of the vortex formation to the rear 
face (base) of the body. Again through flow visualization, 
it was shown by Bearman and Trueman that for d/w = 2/3 the 
growing vorticies were closest to the base face. These vor- 
ticies have entrained fluid from the base region which reduced 
the base pressure and increased the drag coefficient. For 
d/w > 2/3 the vorticies formed further downstream which allowed 
the base pressure to increase and reduce the drag coefficient. 

Bearman and Trueman [Ref. 3] demonstrated a definite trend 
of higher Cd with increasing Reynolds number, particularly for 
d/w = 0.5 to 1.0. They also showed that Strouhal number was 
basically independent of the Reynolds number in the range of 
10,000. Knauss [Ref. 5] in 1974 also concluded that Strouhal 
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number was independent of Reynolds number in the lower range 
of Re = 500 to 1400. Courchesne and Laneville [Ref. 6] and 
Obasaju [Ref. 7] in 1978 demonstrated that the dependence of 
Cd on Reynolds number vanished for Re >50,000. In 1982, Davis 
and Moore [Ref. 8], in an extensive numerical study of the 
flow at relatively low Reynolds numbers (100 to 1000) , found 
that Cd increased with Re. They further noted that Strouhal 
number peaked at a value of 0.17 for Re = 300 then decreased 
to a nearly constant value of 0.13 as Reynolds number reached 
1000. The behavior of St predicted by Davis and Moore is sup- 
ported by the data of Bearman and Trueman and Knauss. 

In 1966, Vickery [Ref. 9] showed that the fluctuating lift 

forces on a square prism were nearly four times greater than 
those measured earlier on circular cylinders and also reported 
that the angle of incidence dramatically affected Cpb , Cd and 
Cl. He showed that Cpb reached a minimum for a = 15 to 20 
degrees. Vickery's experiments also showed only a slight vari- 
ation of Strouhal number with the angle of incidence but noted 
a peak in St for a = 15 to 20 degrees as shown in Figure 4. 
Results of Knauss [Ref. 5] at low Re were in agreement with 

those of Vickery. Vickery concluded that a significant change 

in bluffness occurred for a > 15 degrees resulting in "a sudden 
widening of the wake due to flow detachment ... (and) a corre- 
sponding sudden reduction in (vortex) shedding frequency." 

Lee [Ref. 1] in 1975 observed that Cpb reached a maximum value 
and that Cd and Cl reached minimum values on a square prism for 
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a = 15 to 20 degrees with a corresponding peak in Strouhal 
number as shown in Figures 5, 6 and 7. Lee reasoned that the 
impingement of the shear layers on the side walls and their 
subsequent deflection force vortex formation to occur further 
away from the base region and resulted in a lower Cd. He 
further suggested that "the increase in Strouhal number to a 
maximum at the angle at which the flow re-attaches to the side 
face, can be explained on the basis of the variation of the 
mean drag (Cd) with angle of incidence (a) • The maximum value 
(of St) ... is thought to be associated with a minimum wake 
width and hence with minimum longitudinal vortex spacing. If 
a constant ratio of vortex spacing to width is presumed (Von 
Karman) this would lead to an increase in the Strouhal number." 
Rockwell [Ref. 10] in 1977 and Obasaju [Ref. 7] in 1978 con- 
firmed the findings of Vickery and Lee. The numerical model 
of Davis and Moore [Ref. 8] predicted a higher Cd at a = 15 
degrees than for a = 0 degrees in marked contrast to Lee’s 
findings. This may indicate either a weakness in the numerical 
model ar an as yet unexplained effect of relatively small 
Reynolds numbers (100 to 1000) . 

Vickery [Ref. 9] in 1966 demonstrated the strong influence 
of ambient turbulence on Cd and Cl on a square cross-section. 

He found a nearly 50 percent reduction in the force transfer 
coefficients for a turbulent flow with intensity of 10 percent 
and scale of 1.33 as compared to the case of smooth flow. 
Vickery stated that the effect of turbulence was most notable 
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at low angles of incidence (a < 20 degrees) probably due to 
the intermittent reattachment of the separated flow. Finally, 
he noted that Strouhal number appeared to be independent of 
turbulence. In 1974, Lee [Ref. 1] determined that the increased 
turbulence intensity gave rise to higher base pressure and re- 
sulted in a reduction of the drag coefficient as shown in 
Figures 8 and 9. He suggested that the turbulence thickened 
the shear layers which caused them to be deflected further out 
at the trailing edges of the body causing vortex formation to 
move further from the base region. Subsequently, Lee [Ref. 11] 
showed that the variation of Cd with turbulence scale exhibited 
a distinct maximum at X/w = 1 and that Cd increased with in- 
creasing X/w. Nakamura and Tomonari [Ref. 12] in 1976 found 
that with increasing turbulence intensity the peak Cd became 
lower and occurred at d/w values smaller than that in smooth 
flow as shown in Figure 10. Nakamura et al. reasoned that "an 
increase in the mixing rate of the shear layers due to the tur- 
bulence can make the shear layers thicker and closer to the 
sides, resulting, evidently, in an earlier re-attachment to 
the sides for much thicker prisms, "i.e. , large d/w. Courchesne 
and Laneville [Ref. 13] in 1982 confirmed earlier findings and 
stated that Cd is principally influenced by the intensity of 
the turbulence and that the turbulence scale had only a minor 
effect. Nakamura et al . concurred with the conclusions of 
Courchesne and Laneville. 
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Aspect ratio has a significant effect on the two-dimension- 
ality of the experiments used to measure the fluctuating forces 
on rectangular prisms. In 1968, Graham [Ref. 14] determined 
that if the aspect ratio was large (L/w = 30) and if the end 
plates were not used, the correlation of vortex shedding behind 
the body in the spanwise direction was very poor. According to 
Vickery [Ref. 9], if the aspect ratio was quite small, the two- 
dimensionality of the experiment was suspect and the magnitude 
of the force fluctuations decreased. Lee [Ref. 15] has suggested 
that the end plates are not required or useful on sharp -edged 
models since the separation points are fixed and the end effects 
are restricted to end regions only as thick as the upstream wall 
boundary layer. Lee's conclusions have been disputed by Obasaju 
[Ref. 7] who determined that the end plates are required partic- 
ularly for tests involving flow at incidence. Obasaju' s conclu- 
sions were based solely on base pressure measurements on a 
single face of a square model and hence did not deal with the 
integrated effects such as lift and drag. 

All closed tunnel experiments on bluff bodies have incurred 
blockage effects due to the confinement of the walls on the 
wakes. Courchesne and Laneville [Ref. 6] in 1978 experimentally 
evaluated the wall blockage effects on the drag coefficient of 
two-dimensional rectangular cylinders in smooth flow. They have 
concluded that for d/w < 1.2 and w/B = 5 to 13 percent Maskell's 
blockage correction, given by 
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( 6 ) 



Cd = k^_ 

Cd corr. k 2 corr. 



1 



Cd 

k 2 corr-l 



tSi 




where k 2 = 1-Cpb, was best suited. Courchesne et al. further 
found that for larger d/w alternate empirical formulae given 
by 

N 

Cd corr. /* i w L ^ c \x . ? a c ^ f n ^ 

— ~ 1 " B B CN = 1.305) (7) 

Cd 

— corr. , x . ? w L , i.m) (8) 

Cd B B 



should be utilized for wall blockage corrections. 

Very little information has been found on the behavior of 
impuls ive ly- started flows about rectangular cylinders. Davis 
and Moore [Ref. 8] presented a numerical study of vortex shed- 
ding from rectangles at low Reynolds numbers. In this study 
they have predicted fluctuating Cl and Cd after steady state 
has been reached for an impuls ively- started flow. Their results 
correctly predicted that drag coefficient, as a function of 
relative displacement, oscillates at twice the vortex shedding 
frequency. Davis and Moore further demonstrated the pure sinu- 
soidal response of Cd and Cl, as a function of Ut/w, for a 
square prism at low Reynolds number and at normal incidence. 

In contrast, for d/w = 1.7 the behavior of Cd and Cl, as a 
function of Ut/w, was a violent initial oscillation followed 
by pure sinusoidal response. Finally, Davis and Moore found 
that for ot = 15 degrees a non-zero average coefficient of lift 
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and a regular pattern of Cd oscillations were prevalent. No 
experimental data could be found to compare with the results 
of Davis and Moore's numerical predictions. 

In a majority of the previous investigations cited, a 
definite inverse relationship between Cd and Strouhal number 
was noted. Bearman and Trueman [Ref. 3] correlated the product 
of Cd and St with k. Bearman extended this correlation and 
proposed a universal Strouhal number (Sg) , based on vortex 
spacing parameters b and h, given by 



S 



B 



still 

k w 



(9) 



where b represents lateral vortex spacing. He provided detailed 
observations revealing Sg = 0.181 over a wide range of k and Q* . 
Bearman' s findings were subsequently confirmed by Lee [Ref. 1] 
as shown in Figure 11. Awbi [Ref. 16] in 1981 disputed the 
applicability of the universal Strouhal number for d/w > 2. 

In 1974 Knauss [Ref. 5] proposed that drag coefficient could 
be predicted based on Strouhal number using the correlation 
given by 

St = (10) 

Cd 2 / 3 ' 
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Figure 1, Definition Sketch for the Forcee. 
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Figure 3. St vs. d/w on Rectangular Sections. 
Bearman and Trueman [3], Re = 2~7 x 10 4 , 
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Figure 4. St vs . a on Square Prisms. 
Vickery [9], + Knauss [5]. 
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Figure 5. Cpb vs. a on Square Prisms. 
k Vickery [9], + Lee [1], X Obasaju [7]. 
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Figure 6. Cd vs . a on Square Prisms, 
e = 1 x 10 5 , + Obasaju [7], Re = 5 x 
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Figure 7. Cl vs . a on Square Prisms. 
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Figure 8. Cd vs . a with Varying Turbulence Intensity. 
= .5% , * e = 12.5% Lee [1] . 
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Figure 9. Cl vs . a with Varying Turbulence Intensity. 



2.75 




cu 



PD 



3 

\ 

TJ 



34 



Figure 10. Cd vs. d/w with Varying Turbulence Intensity. 

* e = 4.9% Nakamura and Tomonari [12], + e = 11.1% Nakamura and Tomonari [12 
X e = 2.6% Courchesne and Laneville [13], 0 c = 13.5% Courchesne and 
Laneville [13] . 
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Figure 11. Cd x St vs. 
Bearman and Trueman [ 3 J , + Lee [1]. 



Ill . EXPERIMENTAL EQUIPMENT AND PROCEDURES 



A. VERTICAL WATER TUNNEL 

The experiments were conducted in a vertical water tunnel 
which was previously used and described in detail in the study 
of impulsive flow about submarine- shaped bodies performed in 
1981 [Ref. 17]. A quick- release valve located at the base of 
the tunnel is used to create an impuls ively- started flow of 
nearly constant linear velocity. The valve seats against an 
'O' ring inserted on the bottom of the seating surface so that 
no leakage is present prior to initiating fluid motion. 

The operation of the quick- release valve is controlled by 
a three-way valve mounted beneath the tunnel. A solenoid valve 
provides on-off control of the quick- release valve and, there- 
fore, the flow itself. 

Following the rapid initial opening, which accelerates the 
flow in 0.1 seconds or less, slower further opening of the quick- 
release valve sustains a controlled drop of the tunnel water 
level. This controlled slowdown of the rate at which the quick- 
release valve opens, provided steady flow velocities of about 
0.9 feet per second for the experiments described herein. 

B. FLUID DISPLACEMENT AND FORCE MEASUREMENTS 

The displacement of fluid was measured through the use of 
a variable resistance probe. An eight foot long platinum wire, 
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placed vertically in the tunnel and mounted away from the 
walls, provided tunnel water level indication to an amplifier- 
recorder assembly. Prior to taking data, trial impulsive flow 
was initiated several times. Adjustments to the quick-release 
valve control system were made, as necessary, to ensure a 
linear slope on the elevation versus time plot on the recorder. 

As the slope was not exactly linear a third order polynomial 
was fitted to the elevation versus time plot in order to have 
an accurate means of calculating the displacement of the fluid, 
S, as a function of time and its derivative, velocity U(t) . 

lOkg-capacity load transducers were used to measure the 
instantaneous drag and lift forces on the test bodies. Special 
housings were built for each gage so that they could be mounted 
on the tunnel at each end of the test body. A complete descrip- 
tion of the force measurement assemblies and calibration pro- 
cedures may be found in [Ref. 17]. 

C. TEST BODIES AND TESTING PROCEDURES 

Five rectangular cylinders were tested during this investi- 
gation. The geometrical characteristics of the test bodies 
are shown in Table I. The test Bodies A, C, D and E were con- 
structed from solid plexiglas, turned on a milling machine 
and then polished for a smooth finish. The Body B was con- 
structed from a square aluminum tube. The length of each 
cylinder was cut so that a gap of approximately 0.06 in. was 
present between the tunnel wall and each end. A complete des- 
cription of the mounting arrangements and procedures can be 
found in [Ref. 17]. 
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Each body was tested at various angles of attack for drag 
and lift measurement. At least two runs were conducted for 
drag and lift, respectively, at each reference angle. Velo- 
city was indicated by an elevation versus time plot which was 
generated for every run. 

Raw analog data was produced from the force transducers 
and the variable resistance probe by connecting their outputs 
to individual electronic amplifiers and then to a strip-chart 
recorder which was operated at a speed of 50 mm per second for 
each run. This analog data was processed in accordance with 
the governing equations described in Chapter II. 
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TR3LE I 



Geometrical Characteristics of the Test Bodies. 
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(Repeated from Figure 1.) 
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IV. EXPERIMENTAL RESULTS 



A. PRESENTATION 

The drag and lift coefficients, Cd and Cl, for each test 
body are presented primarily in graphical form as a function 
of the relative fluid displacement S/w. Since not all of 
the large volume of data are discussed herein, representa- 
tive data have been assembled in the appendices by test body 
designation and reference angle (angle of attack) . 

B. DEFINITION OF THE FORCE-TRANSFER COEFFICIENTS 

The drag and lift coefficients for the test bodies were 
computed using Equations (2) and (3) . The positive directions 
of drag and lift along with the angle of attack with respect 
to the direction of impulsive flow are shown in Figure 1. 

The normalized displacement used for the test bodies is S/w 
where 

T 

S = / U(t) dt 

o 

C. EFFECTS OF THE FORCE TRANSFER PARAMETERS 

At zero-degrees angle of attack, all of the test bodies 
exhibit large overshoots in Cd between 1.8 to 2.4 near S/w = 

5 and secondary peaks near S/w = 7.5. The relative magnitude 
of the drag peaks decreases for bodies with larger d/w. Fol- 
lowing the secondary peaks in drag, Cd drops rapidly and 
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approaches asymptotically mean values ranging from Cd = 1.5 
to 2.8, depending on the shape and the angle of attack of the 
body. These values are consistent with those obtained in 
steady flow. The asymptotic values of Cd (within the range 
of larger S/w values attained) decrease with test bodies of 
larger d/w as shown in Figures 12 through 16. 

The phenomenon of vortex shedding is non- stationary in 
the early stages of impulsive motion and consequently a 
single vortex shedding frequency does not exist. However, 
an estimate of the vortex shedding frequency, f , was made 

V 

from Figures 17 through 19. Time intervals between consecu- 
tive peaks of the lift-coefficient curves were used to derive 
a Strouhal number, St, in terms of the period defined by 
those time intervals. Analysis shows that for an angle of 
attack of 10 degrees, the approximate Strouhal numbers, St 
f w/U, were: St = 0.143 for Body C, St = 0.132 for Body A 

and St =0.125 for Body D. As found in earlier steady flow 
experiments, St decreased with test bodies of larger d/w 
(see Figure 3) . 

By carefully controlling the flow mechanism in the ver- 
tical water tunnel, repeatable velocities were maintained. 

The Reynolds number. Re = Uw/v, range was 10,000 to 20,000. 
Thus, it was not possible to examine the variation of Cd 
or St with the Reynolds number. 

Strong variations in the force- transfer coefficients are 
observed as the angle of attack is increased. Extremely 
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large drag overshoots were present with Cd reaching values 
of 2.3 to 4.4. Dramatic effects are associated with the 
growth of the first three or four vortices shed from the 
body following the initiation of impulsive flow. At the 
start of motion, the vortices grow rapidly and at a rate of 
growth such that the vorticity accumulates to an amount far 
in excess of that found in the later stages of the motion. 
This excess vorticity reduces the- base pressure and causes a 
large drag overshoot. Cd is seen to rise to about 2.1 (at 
S/w = 4) to 2.7 (at about S/w = 6.5) in Figures 20 and 21. 
The first and second vortices appear to be shed at S/w = 4 
and S/w = 6.5 in Figures 22 and 23. The relative magnitude 
of the drag overshoots in the early stages of the flow in- 
creased with the angle of attack for all test bodies. The 
asymptotic mean values of Cd in the final stages of the flow 
increased for angles of attack greater than 20 degrees. In 
contrast, mean Cd values approached minimum values of 1.3 to 
2.3 for angles of attack between 10 and 20 degrees. 

Figures 24 through 28 reveal net lift coefficients 
approaching minimum values of Cl = -0.2 to -1.4 at angles of 
attack between 10 and 20 degrees. Figures 29 through 34 ex- 
hibit positive net lift coefficients for square prisms with 
angles of attack 30 degrees and higher. These observations 
with respect to the final stages of impulsive flow are in 
accord with results of previous experimental results in 
steady flows, (see Figures 6 and 7). As evidenced from 
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Figures 35 and 36, Bodies C and D, unlike the square prisms, 
display a net negative lift coefficient for angles of attack 
30 degrees and higher. 

Evaluation of approximate Strouhal numbers for Bodies A 
and B yielded values which reached a maximum of St = 0.150 
to 0.154, at an angle of attack of 20 degrees. These results 
are in consonance with earlier investigations, Figure 4. No 
such correlation was evident for Bodies C and D. 

The effects of turbulence were not evaluated in this study 
as the impulsive flow developed in the vertical water tunnel 
was smooth, e = 0. 

The aspect ratios of the test bodies in this work varied 
from L/w = 7.9 to 17.3. The models were sharp-edged, result- 
ing in fixed separation points and in excellent spanwise 
coherence of the vorticies. End plates were not used and 
the experimental results do not indicate the presence of 
appreciable end effects or a loss of two -dimens ionality . 

Wall blockage effects were evaluated by comparing Figures 
37 through 41 and Figures 42 through 46 for Bodies A and B. 
Blockage correction formulae for the early stages of impul- 
sive flow do not exist and their development is beyond the 
scope of this work. Equations (7) and (8) were used to make 
blockage corrections for the drag coefficients of Bodies A 
and B for the late stages of low, i.e., for S/w = 16 to 18. 

The corrected Cd values varied between 1.98 and 2.18 for an 
angle of attack of 20 degrees. Body A and B corrected Cd 
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values varied by no more than 6 percent between the two 
bodies. The magnitude of the individual corrections for 
Body A were about 15 to 16 percent of the uncorrected Cd 
values. For Body B, however, the magnitude of the correc- 
tions were within the limits of experimental error. Hence, 
Body A results do reflect some blockage effect. Blockage 
corrections were not applied to the results contained herein 
for reasons of uniformity and comparison. 

Calculations were performed to determine the magnitude of 
the effect of the acceleration parameter on the drag coeffi- 
cient. The acceleration was determined from the polynomial 
for displacement, S, and the force contribution due to added 
mass was computed. The net effect was no more than a 3 per- 
cent variation in Cd, within the limits of experimental 
error and was considered negligible. 

Extensive study of the plots of the lift coefficients as 
compared to the drag coefficients indicates that the onset 
of vortex shedding was the predominant factor in determining 
the behavior of the force transfer coefficients. In all 
cases investigated, the drag coefficients oscillated at twice 
the vortex shedding frequency. As the angle of attack was 
increased, vortex strength increased as inferred directly 
from the larger amplitude oscillations in Cd and Cl, ( see 
Figures 47 through 52) . Also noted at higher angles of 
attack are secondary and tertiary peaks in Cd associated 
with the shedding of the third and fourth vortices which 
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are of significant magnitude and even larger than the initial 
drag overshoots in some cases, (see Figures 39, 45 and 49 
through 52) . 

Of special interest is the behavior of the transverse 
force. The initial lift force on Bodies A and B was positive 
for all angles of attack and for Body C through an angle of 
attack of 20 degrees. In contrast, the initial lift force 
for Body C at an angle of attack of 40 degrees and for Body 
D at all angles was negative. It should be noted that the 
profile presented to the flow by Body C and D at 40 degrees 
angle of attack was nearly identical. The growth and motion 
of the first vortex sets up a circulation about the body 
which is equal in magnitude and opposite in direction to 
that of the first shed vortex. As a result, the velocity 
increases and the pressure decreases on the opposite side 
of the body relative to the first vortex. The differential 
pressure creates a transverse force. The direction of the 
initial lift force is fixed by the asymmetry of the body 
in that the force is away from the shed vortex and normal to 
the direction of ambient flow. The subsequent shedding of 
vortices from opposite sides of the body results in an alter- 
nating lift force as shown in Figures 17 and 18 and Figures 
22 through 36. 
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Figure 12. Cd vs. S/w for Body C at 0deg. 
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Figure 13. 
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Figure 14. Cd vs. S/ui for Body B at fcJdeg 
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Figure 15. Cd vs. Sv'w for Body D at Odeg. 
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Figure 16. Cd vs. S/u» for Body E at 0 deg. 
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Figure 17. Cl vs. S/w for Body C ut 10dog. 
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Figure 18. Cl vs. S/u* for Body fl at 10deg. 
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Figure 19. Cl vs. S/ui for Body D at 10deg. 
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Figure 20. Cd vs. S/w for Body B at 5 deg 
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Cd vs. S/w for Body fl at 5 dag. 
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Figure 22. 
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S/w for Body R at 5 dog. 
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Figure 24. Cl vs. S^w for Body fl at 20deg. 
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Figure 25. Cl vs. S^u» for Body B at IBdeg 
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Figure 26. Cl vs. S/u» -for Body B at 20 dog. 
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Figure 27. Cl vs. S/tu for Body C at 2(3 deg. 
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Figure 28. Cl vs. S^w for Body D at 20 deg. 
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Figure 29. Cl vs. S/ui for Body fl at 30deg. 
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Figure 30. Cl vs. S/w for Body fl at 40deg. 
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Figure 31. 
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Figure 32. Cl vs. S/ui for Body B at 30dog. 
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Figure 33. Cl vs. S/w for Body B at 40deg. 
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Figure 34. Cl vs. S^'w for Body B et 45 dog. 
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Figure 35. Cl vs. S /ui for Body C at 40deg. 
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Figure 36. cl ve. S^ui for Body D at 40dey 
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Cd vs. S/ui for Body H at IB deg. 
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Figure 38. Cd vs. S/ui For Body ft at 20 deg. 
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Figure 39. Cd vs. S/ui for Body fl at 30deg. 
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Figure 40. Cd vs . S/ui for Body fl at 40deg. 
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Cd vs. S/u) for Body R at 45 deg. 
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Figure 42. Cd vs. S^ui For Body B at IB dog 
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Cd v« . S/uj for Body B at SB dog 
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Figure 44. Cd vs. S^w for Body B at 30 dug. 
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Figure 45. Cd vs. S/uj for Body B at 40dog. 
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Figure 46. Cd vs. S/w for Body B at 45 deg. 
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Figure 4 7. Cd vs. S/w for Body D at lttdeg. 
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Flgura 48. Cd vcs* S/uf for Body D at 20deg. 
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Figure 4 9 . Cd vs. S^uj for Body D at 40deg 



Tl- 

CM 



¥ 

¥ 

¥ 

¥ 



* 

* 

* 



* + 

* ¥ 

* ¥ 

* ¥ 

¥ 

*¥ 

^ + 

* 

* 

* 

* 

¥ 

4.# 

H* 

¥ 

¥ 

¥ 

^ * * 
^ ¥ 

* ¥ 
** 
¥* 

+ * 

¥ * 

-f* 

¥ 

¥ 

¥* 

* 



¥ 

¥ * 

¥ 

* 



¥ 

* 



¥ 

* + 

¥ * 
¥* 

* + 

* 



¥ 

¥ 

* ¥ 

X 4 . 
* 
* 

X 

X 

X 

* 



¥ 

¥ 

¥ 

¥ 

¥ 

* 

X 



¥ 

¥ 



CM 

CM 



Q 

CM 



0) 



CD 



3 

2 w 



S3 



" CD 



CO 



CM 



IS) 



GO 


CO 




CM 


CM 


CM 


CM 


CM 



CU GO CO 



CM -« 03 CO 



CM 



PO 



34 



Figure 50. Cel vs. S/u» for Body C at 10 deg. 
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Figure 51. Cd vs. S/uj for Body C at 20deg. 
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Figure 52. Cd vs . S^uj for Body C at 40 deg. 



V. CONCLUSIONS 



The experimental investigation of the impulsively- 
started flow about several rectangular cylinders resulted 
in the following conclusions: 

1. Shedding of the first two or three vortices from the test 
bodies produced significant drag overshoot of as much as 
fifty percent. 

2. Drag coefficients asymptotically approached values in the 
range of 2.4 to 2.8 for S/w greater than 30 to 50 for Bodies 
C and E, respectively; 1.8 to 2 for S/w greater than 16 and 
22 for Bodies A and B, respectively; and 1.5 to 1.6 for S/w 
greater than 30 for Body D. 

3. For the rectangular bodies studied, the asymptotic values 
of Cd decreased with increasing d/w. 

4. Peak Cd values increased with the angle of attack for all 
test bodies. 

5. Mean Cd values approached a minimum between angles of 
attack of 10 and 20 degrees, then increased with angles of 
attack greater than 20 degrees. 

6. Mean lift coefficients reached minimum values between 10 
and 20 degrees angle of attack and approached positive values 
for angles of attack greater than 30 degrees. 

7. Strouhal numbers ranged from 0.125 to 0.154 for Bodies A 
and B, from 0.143 to 0.166 for Body C and were nearly constant 
at about 0.125 for Body D. 
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8. For the rectangles studied, St decreased with increasing 
d/w. 

9. For the square prism (Bodies A and B) , St peaked to 0.151 
to 0.154 for an angle of attack of 20 degrees and then de- 
creased at angles of attack greater than 20 degrees. 

10. Asymmetry of a body relative to the direction of the im- 
pulsive flow fixes the position of initiation of the first 
vortex and the initial direction of the lift force acting on 
the body. 
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VI. RECOMMENDATIONS FOR FURTHER RESEARCH 



It is recommended that additional research on impulsively- 
started flow about bluff bodies be conducted in the following 
area : 

1. Impulsive flow tests of the bodies presented herein should 
be conducted at significantly different, and preferably higher, 
Reynolds numbers . 

2. Attempts should be made to determine the velocities and 
vortex strength either through flow visualization or through 
the use of a laser velocimeter. 

3. The pressure distribution about the bodies should be 
measured and evaluated as a function of time from the start 
of fluid motion. 

4. Extensive flow visualization photographs of the tests on 
these bodies should be conducted with attempts to monitor the 
flow for S/w values of 100 or more. Accurate correlation of 
the time sequence of the photographs with the analog traces 
of the forces should be an important part of this effort. 

5. The present results should be extended to larger S/w 
values (in connection with the recommendation above) in 
order to verify the asymptotic behavior of the drag coeffi- 
cients and to calculate Strouhal numbers for larger times. 

6. Impulsive flow tests of the bodies presented herein 
should be conducted at other angles of attack, specifically 
near 15 degrees to monitor the apparent minima in Cd and Cl 
near this angle. 
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7. These investigations should be expanded to cover general 
three-dimensional bluff bodies, on which there is very little 
or no research, save for the sphere. 

8. The effect of ambient flow turbulence on the impulsively- 
started flow should be investigated in order to understand 
the initiation of the vortex asymmetry on axisymmetric bodies. 

9. Numerical models based on solutions to the Navier- Stokes 
equations or discrete vortex methods should be developed and 
or refined so as to be compared to experimental results such 
as contained in this study. 
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RPPENDIX R: 


REPRESENTATIVE DfiTfl FOR BODY fl AT 0 DEGREES 


S/ui 


Cd S/'w Cl 


1.05 


1.73 


1.71 


1.31 


2 . 3S 


1.34 


3.33 


1.91 


3.69 


2.25 


4.35 


2. 17 


5.01 


2. 14 


5.68 


2.21 


5.34 


2.36 


7.23 


2.00 


7.66 


2.04 


8.31 


2.00 


8.97 


2.01 


9.62 


1.93 


10.26 

10.90 


1,94 NEGLIGIBLE 

1.90 


11.53 


1.95 


12. 16 


1.91 


12.70 


1.87 


13.39 


1.88 


14.00 


1.84 


14.59 


1.79 


15. 18 


1.73 


15.76 


1.79 


16.32 


1.79 
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APPENDIX B: REPRESENTATIVE DBTR FOR BODY R RT 5 DEGREES 



S/oi 


Cd 


S/"w 


Cl 


1.18 


1.69 


.07 


.08 


1.84 


1.31 


.72 


.38 


2.50 


1.65 


1.38 


.73 


3. 18 


2.29 


2.04 


1.27 


3.82 


2.59 


2.69 


1.50 


4.48 


2.55 


3.36 


1.20 


5. 15 


2.32 


4.02 


.67 


5.81 


2.55 


4.68 


-.41 


6.47 


2.62 


5.35 


-1.61 


7. 13 


2.50 


6.01 


-2.47 


7.79 


2.07 


6.67 


-2.55 


8.44 


2. 15 


7.33 


-2.00 


9.10 


2.52 


7.99 


-.81 


9.74 


2.48 


8.64 


.46 


10.39 


2.38 


9.29 


1.42 


11.03 


2.28 


9.94 


1.91 


11.66 


2.23 


10.58 


1.78 


12.28 


2.38 


11.22 


.91 


12.90 


2.44 


11.85 


-.25 


13.52 


2.29 


12.47 


-1.19 


14.12 


1.97 


13.09 


-1.79 


14.71 


1.60 


13.70 


-2.01 


15.30 


1.59 


14.30 


-1.84 


15.87 


1.84 


14.89 


-1.41 


18.44 


2.11 


15.47 


-.75 


17.26 


2.18 


16.04 


-.05 


16.71 


2.17 


16.60 


.49 






17.15 


.84 
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RPPENDIX C: REPRESENTATIVE DRTR FOR BODY R RT 10 DEGREES 



S/"u» 


Cd 


S/ui 


Cl 


— 


““ 






1.13 


2.07 


.99 


.32 


1.34 


1.84 


1.64 


1.69 


2.50 


2.38 


2.30 


2.38 


3. 18 


2.77 


2.36 


1.69 


3.32 


2.89 


3.62 


.49 


4.43 


3.19 


4.28 


-.36 


5.15 


3.64 


4.95 


-1.99 


5.31 


3.56 


5.61 


-2.55 


8.47 


2.89 


6.27 


-2.51 


7.13 


2. 15 


6.93 


-1.87 


7.79 


1.94 


7.59 


-.65 


8.44 


2.07 


8.25 


.65 


© 

• 

tn 


2.40 


8.90 


.87 


9.74 


2.44 


9.55 


.37 


10.39 


2.26 


10.20 


.12 


11.03 


2.11 


10.84 


-.69 


11.66 


2.03 


11.47 


-1.24 


12.28 


2.00 


12. 10 


-1.53 


12.90 


2.00 


12.72 


-1.52 


13.52 


1.74 


13.33 


-1.30 


14. 12 


1.61 


13.94 


-.96 


14.71 


1.60 


14.53 


-.66 


15.30 


1.74 


15.12 


-.24 


15.87 


1.79 


15.70 


0.00 


16.44 


1.74 


16.27 

16.82 


-.05 

-.22 
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APPENDIX D: REPRESENTATIVE DATA FOR 90DY A AT 20 DEGREES 



S/'w 


Cd 


S/'w 


Cl 


1.71 


2.65 


.01 


. 12 


2.36 


3.00 


.66 


1.22 


3.03 


3.11 


1.31 


1.92 


3.69 


3.22 


1.97 


2.94 


4.35 


3.22 


2.63 


3.00 


5.31 


3.71 


3.29 


2.40 


5.69 


4.16 


3.95 


1.39 


6.34 


4.20 


4.62 


-. 15 


7.00 


3.69 


5.28 


-1.61 


7.66 


2.69 


5.94 


-2.32 


8.31 


2.57 


6.60 


-2. 10 


8.97 


2.99 


7.26 


-1.34 


9.62 


3.03 


7.92 


.35 


10.26 


3. 15 


8.58 


1.50 


10.93 


3.23 


9.23 


1.30 


11.53 


3.39 


9.87 


.63 


to 

• 

H* 

cn 


3.40 


10.52 


-.32 


12.78 


3. 14 


11.15 


-1.16 


13.39 


2.64 


11.78 


-1.70 


14.00 


2.11 


12.41 


-1.70 


14.59 


1.93 


13.03 


-1.31 


15. 18 


2. 13 


13.64 


-.63 


15.76 


2.45 


14.24 


.28 


16.32 


2.53 


14.83 


1.31 


16.88 


2.50 


15.41 


1.59 






15.99 


1.23 






16.55 


.53 






17. 10 


-.22 






17.64 


-.92 






18.16 


-1.53 






18.67 


-1.82 
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APPENDIX E: REPRESENTATIVE DATA FOR BODY A AT 30 DEGREES 



S/ui 


Cd 




Cl 


1.58 


3.61 


.20 


.47 


2.23 


3.73 


.85 


1.23 


2.89 


3.82 


1.51 


1.92 


3.55 


3.82 


2.17 


2.46 


4.22 


3.07 


2.83 


2.74 


4.88 


3.11 


3.49 


2.70 


5.54 


3.11 


4.15 


1.72 


5.21 


3.45 


4.81 


.79 


6.87 


3.75 


5.48 


-.52 


7.53 


3.53 


6. 14 


-1.81 


a. la 


3.11 


6.80 


-1.80 


8.84 


3.27 


7.46 


-1.15 


9.49 


3.46 


8. 12 


.46 


10. 13 


3.35 


8.77 


1.61 


10.77 


3.03 


9.42 


1.57 


11.41 


3.06 


10.07 


.97 


12.04 


3.23 


10.71 


0.00 


12.66 


3.40 


11.34 


-1.16 


13.27 


3.31 


11.97 


-1.70 


13.89 


2.94 


12.60 


-1.92 


14.48 


2.69 


13.21 


-1.34 


15.06 


2.47 


13.92 


-.55 


15.64 


2.69 


14.42 


.28 


16.21 


2.95 


15.01 


.97 


16.77 


2.98 


15.59 


1.40 






16. 16 


1.49 






16.71 


1.19 






17.26 


.67 






17.80 


.19 






18.32 


-.32 






18.83 


-.65 






19.32 


-.83 
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RPPENDIX F: REPRESENTRTIVE BRTR FOR BODY R RT 43 DEGREES 



S/w 


Cd 


S/u» 


Cl 


1.31 


3.84 


. 14 


.20 


1.97 


3.73 


.79 


.39 


2.63 


3.37 


1.44 


.69 


3.29 


3.30 


2. 10 


.88 


3.95 


3.41 


2.76 


1.05 


4.62 


3.30 


3.42 


1.35 


5.26 


3.00 


4.08 


1.72 


5.94 


2.89 


4.75 


1.80 


6.60 


2.81 


5.41 


1.57 


7.26 


2.77 


6.07 


1.20 


7.92 


2.77 


5.74 


.57 


9.56 


2.99 


7.39 


-. 12 


9.23 


3.35 


8.05 


-.85 


9.87 


3.35 


8.71 


-1.15 


10.52 


3.23 


9.36 


-1.14 


11.15 


3.02 


10.00 


-.81 


11.79 


2.94 


10.64 


-.08 


12.41 


2.89 


11.28 


.74 


13.03 


3.05 


11.91 


1.32 


13.64 


3.22 


12.53 


1.57 


14.24 


3. 17 


13. 15 


1.35 


14.83 


3.05 


13.76 


.83 


15.41 


2.94 


14.36 


. 18 


15.99 


2.92 


14.95 


-.48 


16.55 


3.00 


15.53 


-1.00 






16. 10 


-1.28 






15.66 


-1.36 






17.21 


-1.01 






17.74 


-.47 
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APPENDIX G: REPRESENTATIVE DATR FOR BODY A AT 45 DEGREES 



S/ui 


Cd 


S/uj 


Cl 


1.51 


4.07 


.01 


-.02 


2. 17 


3.76 


.66 


-.04 


2.83 


3.34 


1.31 


-.04 


3.49 


3. 15 


1.97 


-.08 


4. 15 


2.81 


2.53 


-.04 


4.81 


2.62 


3.29 


0 • 00 


5.48 


2.51 


3.95 


0.00 


S. 14 


2.47 


4.62 


.04 


6.80 


2.44 


5.28 


.07 


7.46 


2.46 


5.94 


.11 


3. 12 


2.42 


6.60 


.07 


8.77 


2.46 


7.26 


. 12 


9.42 


2.48 


7.92 


.04 


10.07 


2.46 


8.58 


0.00 


10.71 


2.42 


9.23 


-.08 


11.34 


2.40 


9.87 


-. 12 


11.97 


2.34 


10.52 


-.04 


12.60 


2.35 


11.15 


0.00 


13.21 


2.33 


11.78 


-.04 


13.82 


2.30 


12.41 


-. 13 


14.42 


2.26 


13.03 


-.22 


15.01 


2.23 


13.84 


-.27 


15.59 


2. 14 


14.24 


-.23 


16. 16 


2. 10 


14.83 


-.19 






15.^1 


-. 15 






15.99 


-.10 






16.55 


-.11 






17. 10 


-.11 






17.64 


-. 12 






18, 16 


-. 12 
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APPENDIX H: 


REPRESENTATIVE DRTR FOR BODY B RT 0 DEGREES 


S/*w 


Cd Sz-ui Cl 


2.80 


.92 


3.97 


1.58 


5. IS 


1.62 


8.32 


1.83 


7.53 


1.90 


8.68 


1.93 


9.86 


1.85 


11.04 


1.77 


12.22 


1.73 


13.39 


1.70 


14.56 


1.55 


15.72 


1.62 


16.88 


1.63 


18.03 
19. 17 


1,50 NEGLIGIBLE 

1.54 


20.30 


1.52 


21.41 


1.52 


22.52 


1.51 


23.61 


1.47 


24.69 


1.52 


25.76 


1.51 


26.80 


1.53 


27.83 


1.51 


28.85 


1.55 


29.84 


1.62 


30.81 


1.61 
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APPENDIX I: REPRESENTATIVE DRTA FOR BODY B RT 5 DEGREES 



S/u» 


Cd 


S/w 


Cl 


2.34 


1.02 


.48 


.43 


3. 50 


1.63 


1.64 


.81 


4.68 


1.88 


2.80 


1.28 


5.95 


1.82 


3.97 


.62 


7.03 


2. 17 


5. 15 


-.54 


8.21 


1.98 


6.32 


-1.67 


3.38 


1.73 


7.50 


-1.71 


10.57 


2. 10 


8.68 


-.46 


11.75 


2. 13 


3.86 


.62 


12.32 


1.93 


11.04 


.87 


14.09 


1.80 


12.22 


-.08 


15.26 


1.80 


13.39 


-1.08 


16.42 


1.77 


14.56 


-1.45 


17.57 


1.81 


15.72 


-1.06 


18.71 


1.95 


16.98 


-. 13 


19.85 


1.94 


18.03 


.53 


20.97 


1.74 


19. 17 


.35 


22.08 


1.65 


20.30 


-.45 


23. 18 


1.59 


21.41 


-1.25 


24.26 


1.60 


22.52 


-1.42 


25.33 


1.70 


23.61 


-.82 


26.39 


1.80 


24.69 


0.00 


27.42 


1.78 


25.76 


.25 


28.44 


1.68 


26.80 


-.05 


29.44 


1.68 


27.83 


-.67 






28.85 


-1.25 






29.84 


-1.49 






30.81 


-1.28 
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RPPENBIX J: REPRESENTATIVE BRTfl FOR 3CBY B RT 10 DEGREES 



S/ui 


Cd 


S/'ui 


Cl 


2.22 


1.56 


.02 


.09 


3.39 


2.22 


1 . 17 


.68 


4.56 


2.40 


2.34 


1.62 


5.74 


3.00 


3.50 


1.17 


6.91 


2.67 


4 . SB 


-.04 


6.29 


1.77 


5.85 


- 1.21 


9.27 


1.80 


7.03 


- 1.67 


10.45 


2. 17 


8.21 


- 1.08 


11.63 


2.07 


9.39 


.33 


12.81 


2.08 


10.57 


.42 


13.98 


1.60 


11.75 


-.54 


15.14 


1.53 


12.92 


- 1.50 


16.30 


1.82 


14.09 


- 1.49 


17.45 


1.72 


15.26 


-.72 


19.60 


1.63 


16.42 


0.00 


19.73 


1.67 


17.57 


-.13 


20.86 


1.44 


18.71 


-.84 


21.97 


1.40 


19.85 


- 1.36 


23.07 


1.59 


20.97 


- 1.34 


24. 16 


1.58 


22.08 


-.90 


25.23 


1.48 


23 . 18 


-.44 


26 . 2 B 


1.48 


24.25 


-.35 


27.32 


1.37 


25.33 


-.66 


28.34 


1.32 


26.39 


- 1.06 


29.34 


1.42 


27.42 


- 1.30 


30.33 


1.57 


28.44 


- 1.31 


31.29 


1.60 


29.44 


- 1.35 






30.42 


-.73 






31.38 


-.64 
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APPENDIX K j REPRE3ENTRT I VE DRTR FOR 30DY 3 RT 20 DEGREES 



S/ta 


Cd 


S/'w 


Cl 


2.34 


1.91 


.36 


.48 


3.50 


2.12 


1.52 


1.66 


4.68 


2. 12 


2.69 


2.68 


5.85 


2.67 


3.86 


1.75 


7.03 


3.12 


5.03 


-. 12 


8.21 


2.96 


6.21 


-1.67 


9.39 


2.21 


7.39 


-1.50 


10.57 


2.58 


8.57 


-.24 


11.75 


2.71 


9.75 


1.25 


12.92 


3.08 


10.93 


.29 


14.09 


2.89 


12.10 


-1.12 


15.26 


2.21 


13.28 


-1.42 


16.42 


2.08 


14.44 


-.64 


17.57 


2.30 


15.81 


.81 


18.71 


2.44 


16.76 


1.04 


19.85 


2.67 


17.91 


0.00 


20.97 


2.50 


19.05 


-.93 


22.08 


2.03 


20. 18 


-1.18 


23.18 


1.89 


21.30 


-.56 


24.26 


2.03 


22.41 


.47 


25.33 


2.02 


23.51 


.77 


25.39 


2.23 


24.59 


.30 


27.42 


2. 12 


25.65 


-.67 


28.44 


1.99 


26.73 


-1.22 


29.44 


1.81 


27.73 


-1.06 


30.42 


1.96 


28.75 


-.40 






29.74 


.48 






30.71 


.38 
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RPPENDIX L: REPRESENTRTIVE DRTR FOR BODY B RT 33 DEGREES 



S/*w 


Cd 


S/w 


Cl 


2. 10 


2.59 


. 13 


. 17 


3.27 


2.58 


1.29 


.81 


4.44 


2.37 


2.45 


1.70 


5.62 


2.62 


3.62 


1.32 


S.B0 


3.25 


4.79 


1.45 


7.98 


3.29 


5.97 


.46 


9. 18 


2.71 


7.15 


-.79 


10.34 


3.04 


8.33 


-.96 


11.51 


2.79 


9.51 


.25 


12.69 


2.83 


10.69 


1.62 


13.86 


3. 15 


11.87 


1.08 


15.03 


2.81 


13.04 


-.29 


16. 19 


2.43 


14.21 


-1.02 


17.34 


2.52 


15.38 


-.68 


18.48 


2.48 


16.53 


.22 


19.62 


2.40 


17.68 


.82 


20.75 


2.59 


18.83 


.71 


21.86 


2.60 


19.96 


. 14 


22.96 


2.32 


21.08 


-.60 


24.05 


2. 18 


22. 19 


-.85 


25.12 


2.28 


23.29 


-.58 


26. 18 


2.28 


24.37 


. 15 


27.22 


2.28 


25.44 


.78 


28.24 


2.33 


25.49 


.64 


29.24 


2.45 


27.53 


0.00 


30.23 


2.27 


28.54 


-.74 


31.19 


2. 13 


29.54 


-1.08 






30.52 


-.73 






31.48 


0.00 
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APPENDIX M: 



S/ui 

2.34 

3.50 

4.38 
5.85 
7.33 
8.21 

8.38 

10.57 
11.75 

12.32 
14.03 
15.25 

16.42 

17.57 
18.71 
18.35 

20.37 
22.08 
23. 18 
24.23 

25.33 

26.38 

27.42 
28.44 
28.44 

30.42 

31.38 



REPRESENTATIVE 



Cd 

2.55 

2.28 

2.37 

2.42 

2.48 

2.54 
2.71 
3.08 
2.78 
2.58 
3.02 
2.81 
2.68 
2.78 
2.78 
2.58 

2.55 
2.35 

2.56 

2.47 

2.48 
2.54 
2.48 
2.45 
2.45 
2.45 
2.45 



BATA FOR BODY 



S/m 

.36 
1.52 
2.68 
3.86 
5.03 
6.21 
7.38 
3.57 
3.75 
10.83 
12. 10 
13.28 
14.44 
15.61 
15.76 
17.81 
18.05 
20. 18 
21.30 
22.41 
23.51 
24.58 
25.55 

26.70 

27.73 
28.75 

28.74 

30.71 



AT 40 DEGREES 



a 

.03 
.51 
.72 
1.00 
1.28 
1.12 
.58 
-.37 
-1.08 
-.71 
.21 
1.04 
.34 
.17 
-.74 
-.83 
-.44 
.08 
.42 
.33 
-. 18 
-.64 
-.83 
-.53 
-.22 
-.06 
-. 12 
-.25 
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APPENDIX N: REPRESENTATIVE DATA FOR BODY B AT 45 DEGREES 



S^iu 


Cd 




Cl 






— 




2.34 


2.33 


.25 


-.25 


3.50 


2.43 


1.40 


-.24 


4. 58 


2.23 


2.57 


-.04 


5.85 


2.28 


3.74 


-.04 


7.03 


2.25 


4.91 


.04 


8.21 


2.20 


5.09 


.04 


3.39 


2.23 


7.27 


.28 


10.57 


2.18 


8.45 


.08 


11.75 


2. 13 


9.63 


.04 


12.92 


2.03 


10.81 


-. 12 


14.09 


2.01 


11.98 


-.21 


15.25 


1.97 


13. 15 


0.00 


15.42 


1.95 


14.33 


.21 


17.57 


1.88 


15.49 


.17 


18.71 


1.88 


16.55 


-. 17 


19.85 


1.87 


17.80 


-.43 


20.97 


1.83 


18.94 


-.44 


22.08 


1.84 


20.07 


-.41 


23.18 


1.78 


21.19 


-.23 


24.25 


1.78 


22.30 


-.09 


25.33 


1.74 


23.40 


-.10 


25.39 


1.78 


24.48 


-.20 


27.42 


1.78 


25.55 


-.31 


28.44 


1.80 


25.60 


-.53 


29.44 


1.79 


27.63 


-.65 


30.42 


1.84 


28.65 


-.58 


31.38 


1.88 


29.64 

30.52 


-.50 

-.51 



106 



APPENDIX 0 



S^ui 

2. 19 
3.03 
3.89 
4.72 
5.S7 
6.42 
7.27 
8. 12 
8.97 
9.81 
10.85 
11.49 

12.32 
13. 14 
13.98 
14.78 
15.58 
18.37 

17.18 
17.93 
18.70 
19.45 

20.19 
20.91 
21.82 

22.32 



: REPRESENTATIVE DATA FOR BODY C AT 0 DEGREES 



Cd S/"w Cl 

1.79 

1.90 
2.08 
2. 17 
2.23 
2.17 
2.11 
2.05 
2.02 
1.93 

1.91 

1.91 
1.89 

1.88 NEGLIGIBLE 

1.84 

1.77 

1.78 
1.75 

1.79 

1.80 
1.78 

1.91 
1.81 

1.86 

1.86 

1.86 
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APPENDIX P: REPRESENTATIVE DATA FOR BODY C AT 10 DEGREES 



S/w 


Cd 


S/ui 


Cl 


2.27 


2. 16 


.01 


.20 


3.11 


2.05 


.84 


.97 


3. 96 


2.23 


1.68 


1.26 


4.81 


2.29 


2.52 


.90 


5. 66 


2.20 


3.37 


.38 


5.51 


2.35 


4.21 


-.24 


7.36 


2.56 


5.06 


-1.00 


8.21 


2.47 


5.91 


-1.66 


9.05 


2.38 


6.75 


-1.71 


9.90 


2.62 


7.61 


-1.14 


10.74 


2.59 


8.46 


-. 14 


11.57 


2.30 


9.31 


.43 


12.40 


2. 14 


10. 15 


.24 


13.23 


2.29 


10.99 


-.58 


14.05 


2. 17 


11.82 


-1.58 


14.86 


2.11 


12.65 


-2. 17 


15.66 


2.36 


13.47 


-2.22 


15.45 


2.56 


14.29 


-1.75 


17.24 


2.62 


15. 10 


-.84 


18.31 


2.27 


15.90 


.27 


18.77 


2.25 


16.69 


.55 


19.52 


2.36 


17.47 


-.06 


20.26 


2.33 


18.24 


-.98 


20.98 


2.28 


19.00 


-1.99 


21.59 


2.31 


19.75 


-2.47 


22.39 


2.36 


20.48 


-2.46 






21.20 


-1.99 






21.90 


-1.32 






22.59 


-.59 
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APPENDIX Qs REPRESENTATIVE DATA FCR BODY C AT 20 DEGREES 



S/'ui 


Cd 


S/'ui 


Cl 


2.27 


2.09 


.05 


. 10 


3. 11 


2.02 


.76 


.87 


3.96 


2.11 


1.60 


1.31 


4.81 


2.23 


2.44 


1.09 


5 . 66 


2.59 


3.28 


.52 


5.51 


3.05 


4. 13 


-.09 


7.36 


2.58 


4.98 


-1.09 


3.21 


2.02 


5.83 


-2.42 


9.05 


2.65 


8.68 


-3.03 


9.90 


2.77 


7.53 


-2. 13 


10.74 


2.65 


8.37 


.24 


11.57 


2.89 


9.22 


.90 


12.40 


2.70 


10.06 


-. 10 


13.23 


2.31 


10.90 


-1.50 


14.05 


1.87 


11.74 


-2.62 


14.86 


1.94 


12.57 


-2.77 


15.66 


2.06 


13.39 


-2.07 


15.45 


2.33 


14.21 


— . 37 


17.24 


2.08 


15.02 


.37 


18.01 


2.20 


15.82 


.22 


18.77 


2. 10 


15.61 


-.72 


19.52 


1.39 


17.39 


-1.75 


20.26 


1.73 


18. 16 


-2.48 


20.98 


1.86 


18.92 


-2.53 


21.89 


2.00 


19.67 


-1.73 


22.39 


2.09 


20.41 


-.52 






21.13 


. 13 






21.83 


-.42 






22.53 


-1.17 
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APPENDIX R: REPRESENTRTIVE DRTP FOR BODY C RT 40 DEGREES 



S/"!U 


Cd 




Cl 


2.27 


2.16 


.26 


-.25 


3.11 


2.08 


1.10 


-.73 


3.36 


2.23 


1.33 


-1.35 


4.31 


2.50 


2.78 


-1.30 


5. 66 


2.47 


3.62 


-2.37 


S . 5 1 


2.20 


4.47 


-2.65 


7.36 


2.65 


5.32 


-2.03 


8.21 


2.47 


6.17 


-.38 


3.05 


2.53 


7.02 


.76 


3.30 


3.05 


7.87 


.03 


10.74 


3.11 


a. 7i 


-1.42 


11.57 


2.74 


3.56 


-2.75 


12.40 


2.33 


10.40 


-2.35 


13.23 


2.57 


11.24 


-1.34 


14.05 


2.43 


12.07 


-.40 


14.86 


2.35 


12.30 


.56 


15.56 


2.36 


13.72 


.40 


16.45 


2.63 


14.53 


-.62 


17.24 


2.S5 


15.34 


-1.74 


18.01 


2.53 


16.14 


-2.48 


18.77 


2.40 


16.32 


-2.42 


13.52 


2.36 


17.70 


-1.58 


20.25 


2.37 


18.47 


-.41 


20.38 


2.35 


13.22 


.48 


21.63 


2.31 


13.37 


.51 


22.33 


2.36 


20.70 


-.32 






21.41 


-1.50 






22.11 


-2.50 
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RPPENDIX S 



S/'ui 

3.73 
5.33 
S .38 
7.69 
9.32 

13.36 
11.69 
13.33 

14.36 
15.68 
17.03 
18.31 

19.62 
23.91 

22.23 
23.47 
24.73 
25.98 
27.21 
28.42 

29.62 
33.83 
31.95 
33.39 

34.23 
35.29 



: REPRESENTATIVE DRTA FOR BODY D RT 0 DEGREES 



Cd S/'ui Cl 

1.21 

1.55 
1.73 
1.71 
1.80 
1.76 
1.71 
1.67 
1.65 
1.63 
1.49 

1 .56 
1.46 

1.41 NEGLIGIBLE 

1.44 

1.48 

1.42 
1.37 

1.35 
1.29 
1.32 

1.36 

1.37 
1.41 
1.39 

1.43 
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RPPENDIX T: REPRESENTATIVE DRTR FOR BODY D RT 10 DEGREES 



S/ui 


Cd 


S/*ui 


Cl 


3.44 


2. 13 


.28 


-. 16 


4.7B 


2.46 


1.53 


-.92 


6.03 


2.37 


2.31 


-1.39 


7.42 


2.03 


4.23 


-1.12 


8.76 


1.85 


5.56 


-.81 


10.03 


1.75 


6.83 


-.60 


11.43 


1.71 


8.22 


-.48 


12.76 


1.61 


3.56 


-.33 


14.03 


1.47 


10.89 


-.06 


13.42 


1.42 


12.23 


.27 


16.74 


1.40 


13.56 


.39 


18. 05 


1.35 


14.89 


.30 


13.36 


1.28 


16.21 


. 18 


20.66 


1.31 


17.53 


.31 


21.34 


1.24 


18.84 


.50 


23.22 


1.13 


20.14 


.60 


24.48 


1.16 


21.43 


.51 


25.73 


1. 13 


22.71 


.26 


26.36 


1.18 


23.98 


.23 


28.18 


1.15 


25.23 


.38 


23.38 


1. 12 


26.47 


.53 


30.56 


1.11 


27.70 


.57 


31.72 


1.14 


28.90 


.43 


32.86 


1.13 


30.09 


.31 


33.38 


1.16 


31.26 


.31 


35.07 


1.21 


32.41 


.41 






33.54 


.61 






34.64 


.58 






35.72 


.47 



112 



RPPENDIX U: REPRESENTATIVE DRTR FOR BODY D AT 20 DEGREES 



S/'ui 


Cd 


S/ui 


Cl 


3.83 


2.75 


.41 


-.38 


5. 16 


3. 18 


1.72 


-1.35 


6.49 


3.09 


3.04 


-1.82 


7.82 


3.27 


4.36 


-1.93 


9.16 


3.03 


5.69 


-1.75 


10.49 


2.51 


7.02 


-.66 


11.83 


2.27 


8.36 


.09 


13.16 


2.37 


3.69 


.18 


14.49 


2.42 


11.33 


-.42 


15.81 


2.61 


12.36 


-1.24 


17. 13 


2.61 


13.69 


-1.21 


18.44 


2.32 


15.02 


-.36 


19.75 


2.08 


16.34 


.31 


21.04 


2.22 


17.66 


. 18 


22.33 


2.22 


18.97 


-.50 


23.60 


2.21 


20.27 


-1.39 


24.86 


2.21 


21.56 


-1.09 


26. 10 


2. 15 


22.84 


-.46 


27.33 


2.03 


24. 10 


.10 


29.54 


1.36 


25.36 


.14 


29.74 


2.05 


26.60 


-.28 


30.31 


2. 10 


27.82 


-.79 


32.07 


2. 14 


29.02 


-1.20 


33.20 


2. 19 


30.21 


-1.11 


34.31 


2.39 


31.38 


-.72 


35.40 


1.98 


32.52 


-.45 






33.55 


-.39 






34.75 


-.41 
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RPPENDIX V: REPRESENTATIVE BATA FOR BODY D AT 40 DEGREES 



S/uf 


Cd 


S/ui 


Cl 


3.17 


3.58 


.41 


-.38 


4. S3 


3.65 


1.72 


-1.11 


5.82 


3,93 


3.04 


-1.76 


7,16 


3.60 


4.36 


-2.11 


8.49 


3.89 


5.69 


-2.11 


9.83 


4.36 


7.02 


-1.39 


11.18 


3.55 


8.36 


-.03 


12.49 


3.65 


9.69 


.51 


13.83 


4.17 


11.03 


-.33 


15.15 


4. 17 


12.36 


-1.03 


16.47 


3.82 


13.69 


-1.75 


17.79 


3.82 


15.02 


-1.63 


19. 10 


3.95 


16.34 


-.80 


20.40 


3.63 


17.66 


-.12 


21.69 


3.23 


18.97 


-.06 


22.96 


3.35 


20.27 


-.42 


24.23 


3.64 


21.56 


-.93 


25.48 


3.55 


22.84 


-1.28 


26.72 


3.41 


24. 10 


-1.37 


27.94 


3.40 


25.36 


-.93 


29.14 


3.36 


26.60 


-.42 


<30 .33 


3.26 


27.82 


-.18 


31.48 


3.29 


29.22 


-. 19 


32.64 


3.30 


30.21 


-.50 


33.76 


3.33 


31.38 


-1.05 


34.86 


3.29 


32.52 


-1.36 






33.65 


-1.38 






34.75 


-1.00 
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APPENDIX N 



S/ui 

2.69 

4.37 

6.06 

7 . 7 S 

9.45 

11.15 
12.85 

14.54 

16.24 

17.93 

19.62 
21.30 
22.98 

24.64 
26.29 

27.93 

23.55 

31. 16 
32.75 

34.32 

35.87 
37.39 
38.90 
40.38 
41.83 

43.25 

44.64 
46.00 

47.33 

48.62 

49.88 
51.10 
52.27 
53.41 
54.51 

55.56 



: REPRESENTATIVE DATR FOR BODY E RT 0 DEGREES 



Cd S/w Cl 

1.65 

1.80 

1.76 

1.81 

1.83 

1.76 

1.69 

1.69 

1.59 

1.59 
1.54 
1.53 
1.48 
1.46 

1.46 

1.47 

1.42 

K42 NEGLIGIBLE 

1.43 

1.48 
1.47 
1.56 

1.60 

1.71 
1.82 
1.83 
2.07 
1.95 
2.30 
2.22 
2.25 

2.43 
2.40 

2.60 

2.72 

2.61 
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